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ABSTRACT

Hajek and Haas have proposed a practical method of determining the
transverse cracking pofential of bituminous mixes. A study was conducted
in Michigan comparing actual transverse cracking performance with that
predicted by the Hajek-Haas method. The results indicated that no func-
tional relationship exists betweenactual and predicted transverse cracking
of Michigan's flexible pavements. It was found that transverse cracking in
Michigan could have been essentially eliminated had the mix sfiffness cri-
teria suggested by MeLeod been used. However, use of McLeod's method
would exclude from use many stiff bituminous mixes which have given es-
sentially crack-free service. )

A limited laboratory study was conducted in an attempt to determine
why the Hajek-Haas method failed towork in Michigan, and perhaps find out
why many very stiff bituminous mixes have performed in an essentially
crack-free manner. Results indicate that the fensile strength, as well as
stiffness modulus, both influence a bituminous mix's ability toresist crack-
ing. Since stiffness modulus and tensile strength are not necessarily re-
lated, it should be necessary to include both of them in models for predict-
ing transverse cracking; Hajek and Haas included only mix stiffness. The
tensile strength of the aggregate has a significant effect on the tensile
strength of the bituminous mixes. Therefore, mix tensile strength should
not be reliably estimated from asphalt cement properties alone, The data
also indicate that bituminous mix stiffness can be lowered to such an ex-
tent that tensile strength of the mix will no longer influence transverse
cracking potential. If is thought that high tensile strength is required for
stiff mixes to perform in an essentially crack-free manner.

It is concluded that the transverse cracking can be essentially elimi-
nated in Michigan's flexible pavements if the mix stiffness guidelines of
Mcleod are followed. However, these guidelines will reject some stiffer
mixes which can also display essentially crack-free performance. Proce-
dures similar to those suggested by Burgess, et al, are suggested for iden-
tifying stiffer bituminous mixes that can perform essentially crack-free.




INTRODUCTION

Low temperature shrinkage cracking of asphalt pavements has become
a serious and costly problem throughout many northern states. A typical
example of this condition in Michigan is found on I 75 between Grayling and
Gaylord where during winter months, riding characteristics, accelerated
pavement deterioration, and increased maintenance costs can be attributed
to thermal transverse pavement cracking (Fig. 1). Although usually not
considered load related, thermal cracking does tend to reduce pavement
serviceability and, therefore, should be an important consideration in as-
phalt pavement design. Although pavement age, material characteristics,
soil moisture, and temperature conditions are all suspected of having in-
fluence on thermal cracking, the magnitude of their effects is not known.
It has beenobserved in Michigan that, while some pavements show consid-
erable thermal cracking, adjacent areas of the same pavement may be
crack-free. If the variables causing the difference between the cracked
and non-cracked areas could be isolated it should be possible to control

Figure 1. Typical example of transverse thermal cracking,
I 75 between Grayling and Gaylord.



transverse cracking through proper design procedures. To do this, how-
ever, more information is needed concerning the materials properties
whichaffect transverse eracking, the relationship between these properties
and cracking frequency, and the reliability with which cracking frequency
can be predicted.

Preliminary studies by the Research Laboratory indicated that consid-
erable research had been conducted concerning the causes of thermal crack-
ing in flexible pavements and several methods for predicting and control-
ling the cracking were suggested (1, 2, 3}. Of these methods, that des-
cribed by Hajek and Haas (3), appeared to be the more suitable for highway
design purposes. This method places emphasis on prediction of the num-
ber of cracks to be expected for any design considerations. The design
engineer, by using this method, would have the flexibility of designing a
pavement toa permissible number of allowable cracks rather than to a 'no-
crack' condition,

The Hajek and Haas method is based on the use of a relatively simple
mathematical model, or formula, which permits the prediction of the num-
ber of thermal cracks to be expected during a certain period of time, based
on factors which are usually available from highway construction records,
Of these factors it was indicated that stiffness of the asphalt would exert a
major influence on thermal cracking frequency. Therefore, it was thought
that this method might lead to design procedures whereby significant im-
provements in flexible pavement performance could be attained by design-
ing the bituminous layer to provide a minimal low temperature cracking
frequency while retaining stability at higher temperature.

In September 1973 a cooperative study between the Department of State
Highways and Transportation and the Federal Highway Administration was
initiated under the Highway Planning and Research Program to evaluate,
more fully, the Hajek-Haas model as a suitable method for predicting trans-
verse cracking of flexible pavement surfaces in Michigan, The specific
objectives of this project as stated in the proposal were:

1} Determine if the Hajek-Haas model, which was developed for pre-
dicting thermal cracking of flexible pavement surfaces in Ontario, is suit-
able for similar use in Michigan, where construction procedures, climate,
and materials might differ from those of Ontario, '

2) Use data collected from this study to recompute constants of the
model if this would make it more suitable for use in Michigan.,




3) I the Hajek~Haas model is found to be capable of predicting Crack-
ing Index, with reasonable accuracy, use it to develop a minimum allow-
able asphalt cement stiffness modulus for standard Michigan flexible pave-
ment cross-sections,

4) Determine if the indirect method of estimating asphalt stiffness re-
commended by Hajek and Haas is reliable.

5) Should the model be found unsuitable, recommend the direction that
any additional research should take if development of a usable model still
appears warranted,

To accomplish these objectives a number of flexible pavements through-
out Michigan were selected, for each of which the cracking index (number
of transverse cracks per 500~ft segment of pavement) were to be estimated
using the Hajek-Haas model. These estimates would be statistically com-
pared with field measurements of the actual cracking condition of the areas.
The suitability of this correlation would be used as the basis for directing
further progress of the project.

The contents of this report reflect the views of the author who is res-
ponsible for the facts and the accuracy of the data presented herein. The
contents do not necessarily reflect the official views or policies of the
FHWA, This report does not constitute a standard, specification, or re-

gulation.
DESCRIPTION OF THE HAJEK-HAAS MODEL

The Hajek-Haas mathematical model (3) allows the prediction of the
number of thermal cracks that may be expected in a bituminous surface
during agiven period of time based on the tollowing factors, each of which
are generally available from highway construction records:

1) Stiffness of the original asphalt used
2) Winter design temperatures

3) Thickness of the bituminous layer
4) Age of the pavement

5) Subgrade soil type,

Based on the testing and evaluation of more than 20 various Tunctions,
Hajek and Haas determined the functional relationship between cracking

index and these other variables to be:

10 =Cyp X2t Cat+caa) x cd x cm x g¢78 | @)




where

= the cracking index - number of full transverse cracks per 500-ft
= stiffness of the asphalt, kg/sq cm

= age of the pavement, years

= thickness of asphalt, in.

= type of subgrade, dimensionless code

= winter design temperature, degree F

Cis .+« , Cpare parameters of the model

ED—-""‘OJUJH

The model equation was linearized to the form:

I= Loq Ci + Ca Loq S +Cst LogS+Caa LOgS + Loq Csd
+Log Cem+C7S Log d ‘ 2)

By means of the techniques of stepwise regression analysis (based on
32 data points) the parameters of this form of the equation were determined
and the fitted equation, representing the mathematical model for prediction
of low-temperature cracking frequency of asphalt concrete pavements, ex-
pressed as:

iOI =2.497 X |030 X 5(5.7966—0.3740|’ +1.33884) X (7054 X |O_3)d

X (3.193 X 10713)™ x g©-6026 3 - (3)

For the purpose of this model the cracking index is defined as the num-
ber of full and half transverse cracks per 500-ft section of two-lane high-
way. ' '

APPLICATION OF THE MODEL TO MICHIGAN PAVEMENTS

In order to properly evaluate the model under Michigan conditions it
was hecessary to locate the study flexible pavement areas for which all of
the five dependent variables are constant over a significant length of road-
way, usually a section of pavement constructed under the same contract
and uniform fraffic volume. From the large number of pavements studied,
32 were finally selected as best meeting the desired requirements,

Most of the necessary information was obtained from construction re~
cords. The subgrade type was considered to be sand for all locations in-
cluded in the survey because, as a general rule in Michigan, flexible pave-
ments are built only on sand subgrades. Where short sections of fine
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grained subgrade may occur they are covered with a minimum of 25 in, of
sand subbase,

The winter design temperature was determined on the basis of the
freezing index as suggested by Hajek and Haas (3). For this purpose, the
state was divided into four temperature zones developed from freezing in-
dex data (Fig. 2).

A survey of the selected field sites was made in which the number of
transverse cracks per 500 ft of pavement section were determined using
procedures described by Fromm and Phang 4). As pointed out by MeLeod
(8), crack counts will vary to some extent depending upon the person con-
dueting the survey. However, this variationis not large and is proportion-
al to the cracking frequency. Cracking survey data are considered to be
quite reliable.

The estimated stiffness modulus of each test location was determined
from penetration and viscosity data as outlined in Ref. (3). However, as-
phalts from different sources or batches were used Sso that differences in
estimated stiifness modulus exist within a test area. A weighted mean
stiffness modulus is reported in such cases. Construction records nor-
mally didnot indicate the locationwithin the pavement where each different
source or batch of asphalt was used., Further, it was found that equal pene~
tration viscosity data were not available for all projects.

The data collected from construction records and the field gurveys are
summarized in Table 1, Using Ed. (3) of the Hajek-Haas model the pre-
dicted cracking of these test areas were determined and the values com-
pared with corresponding field measurements, Comparisons of test data
obtained from the two methods are shown in Table 1 and Figure 3. The
question at this point is whether or not the difference between the actual
and the predicted cracking index (residuals) are of sufficiently small mag-
nitude toaccept the model as a reliable method of predicting cracking index.

If the model does predict the cracking index with accuracy, a plot of
predicted values @) against measured values (I) should be a 45-degree
straight line passing through the origin, From such a plot, shown in Fig-
ure 3, it is apparent that most of the T versus I values appear ahove the 45~
degree (f= I) line, Visually, it would appear that the difference between
the predicted and actual I values is too large to justify acceptance of the
model. To check this, however, the significance of the relationship was
tested by statistical hypothesis,




Figure 2. Temperature zones used to predict Cracking Index Values for Michigan,
based on the Hajek and Haas definition of winter design temperature.
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TABIE 2
FIELD SURVEY DATA FOR OBSERVATION 30 INDICATING
SUB-OBSERVATIONS USED FOR DETAILED STUDY

e Actual Estimated | Predieted
station Cracking i Cracking | Sub-Observations
to- Asphalt B u ervations
Station Index Stiffness, Index Cored
1964 | 19753 ke/em?2 [ 19641 1973
2015400 to 2023 -0 0 12-1/2 4 A i
2023:00 to 2028 00 0 11
2028 00 to 2033 00 0 9
203300 to 203800 2-1/2 20
2088 .00 to 2043100 0 18-1/2
204300 to 2048 00 0 20 X
2048 00 to 2053+00 0 8-1/2
205300 to 205800 0 4 X
2055100 to 2063 :00 0 12
206300 to 2068100 0 4
2068+00 to 207300 0 14-1/2
207300 to 2078 00 1-1/2 9-1/2
207400 to 2083:00 3 8-1/2 X
208300 to 2088 00 0 9
208800 to 2093400 1-1/2 22-1/2
2093100 to 2098+00 0 14
2098 <00 to 2103 +00 0 22-1/2 X
210300 to 2108+00 0 21
210800 to 2113+00 1 12-1/2
2113+00 to 2118+00 1/2 16 200 11 29
2118400 to 2123 00 0 21
212300 to 2128+00 0 10 X
2124+00 to 2133+00 0 9
213300 to 2138+00 0 12
2138+00 to 2143 +00 1 7-1/2
2145+00 to 2148 00 0 5-1/2
2148+00 to 2153 100 0 10
2153 +00 to 2158 00 0 8
2158+00 to 2163+00 0 8
2163+00 to 2168+00 0 5 X
2168+00 to 217300 0 5
2173100 to 2178+00 0 11
2178+00 to 2183+00 1/2 9-1/2
2183400 to 2188+00 0 15
2188400 to 2193 H0 0 15-1/2
2193400 to 2198+00 0 24
2198+00 to 2203+00 0 24-1/2 X
2203+00 to 2208+00 0 26
2208+00 to 221300 1/2 19
2213400 to 221800 0 21 ¥ Y ¥y
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- TABLE 2 (Cont.) T
FIELD SURVEY DATA FOR OBSERVATION 30 INDICATING
SUB-OBSERVATIONS USED FOR DETAILED STUDY

. Actunl Estimated Predicted
Station P * o ,
to Cracking Asphalt Cracking | Sub-Observations
Index ; Index Cored
Station Stiffness, ore
1964 1973 | ke/em2 | 1964 | 1973

221800 to 2223 00

0 24-1/2 A ) .
222300 to 2228+00 0 13-1/2
2228 H00 to 2233400 0 15
223300 to 2238+00 0 12
2238 <00 to 2243100 0 6-1/2 X
224300 to 2248+00 0 14
2248+00 to 2253 +00 0 15
2253 +00 to 2258+00 0 12-1/2
225800 to 2263+00 0 14-1/2 X
2265100 to 2268+00 0 13
22G8+00 to 2273+00 0 4-1/2
2273+00 to 2278400 0 2-1/2
2278+00 to 2283+00 0 1/2
228300 to 2288+00 0 1
2288 100 to 2293+00 0 1-1/2
2293 -00 to 22980 0 2
2298+00 to 2303 00 0 2
2303+00 to 2308 00 0 1/2 X
2308400 to 231300 0 1/2.
2313400 to 2318+00 0 3
2318+00 to 2323400 0 9-1/2 300 129
2323400 to 2328400 0 8
2328400 to 2333+00 0 8
2333+00 to 2335+00 0 8
2338+00 to 2343+00 0 10-1/2 E
2343+00 to 2318+00 0 8 X _
2348+00 to 235300 0 0 X
2353+00 to 2358+00 0 6 3
235800 to 236300 0 1/2
2363 ~00 to 2368 00 0 1 X
2368 00 to 2373+00 0 5 _
2373+00 to 2378+00 0 1 3
237800 to 2383+00 0 1-1/2
238300 to 238800 0 0 X .
2388+00 to 25393+00 0 5
2393 00 to 2398+00 0 7 a
239800 to 2403+00 0 7-1/2
240300 to 2408+00 0 15
2408+00 to 2:413+00 0 13
2413+00 to 2418 00 1/2 15
2418400 to 2423400 0 10 ¥ / i
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Figure 3. Relationship between predicted and actual cracking index values.
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Using simple regression analysisto express (I) as a linear expression .

of (I) we have
T=7.511 + 1,0803(1) (4)
The correlation coefficient of 1and f is 0, 603 indicating that the line-

arity of Iand T is not good. The statistical significance of this equation
is more rigorously investigated by testing the null hypothesis:

Hgy: Ed. (4) is the same as the equation I = 1.
against the alternative hypothesis:

Hi: Eq. (4) is not the same as the equation I = T.
The test statistic F is computed to be 14,.26068 which is much Iarg_ei' than
F0_05; 2, 3¢ So, the null hypothesis is rejected at the 0.05 level, and it

is concluded that an Eq. (1) type model based on Michigan data would not
be the same as Hajek-Haas' Eq. (3). From the plot in Figure 3, note that

Eq. (4) isabout parallel to the 45-degree line; therefore, the following null .

hypothesis was tested:

HO: Ed. (4) is parallel to the 45-degree line,

against the alternative hypothesis:
Hy: Eq. (4) is not parallel to the 45-degree line.

The test statistic, t, is computed to be 1,56 which is less than tg, 05; 30*
Therefore, we donot reject the null hypothesis and it is concluded that when
Eq, (3) is applied to Michigan data it overestimates cracking index by 7.5
cracks on the average.

At this point it would be interesting to determine if the functional re-
Iation of cracking index to other variables, suggested by Hajek and Haas
(3) could be used with Michigan data. According to the stepwise selection
procedure, the fitted equation is:

I=20,469alogs - 0.856 (5)

The multiple correlation coefficient is 0.6106 and the standard error of
estimationis 4.45. The stepwise procedure indicates that every transfor-
med variable except a log s contributes very little to the prediction of the

- 11 -




cracking index. Again, the above fitted cquation does not give a good pre-
diction of the cracking index. That is, the functional relation given by Eq.
(1) does not hold well for Michigan data,

Based onstatistical analysis of thedata collected in Michigan it is con-
cluded that either the functional relationship among variables is not as
proposed by the Hajek-Haas model, or that the Michigan data require a
different formulation. Although the Hajek-Haas Eq. (3) apparently fits the
Ontario data, due to the enormous flexibility afforded by the fitting para-
meters, when used with the Michigandata the fit deteriorates substantially.

In addition, the analysis indicates that the only significant factor of the
model that affects transverse cracking is the stiffness of the asphalt ce-
ment acting incombinationwith aging (a log s in Eq. (2)). Therefore, little
if any improvement in the reliability of the model is gained by including the

. other variables.

The statistical data show that the design engineer could expect con-
siderable variation ih mean cracking index of a pavement section from that
predicted by the model. In addition to this variation there also should be
variation incracking frequeney within the section as indicated by the large
gtandard deviationof cracking index compared to its mean value. Because
of the model 's inability to accurately predict the mean frequency of occur-
rence of transverse cracking and because cracking frequency varies widely
about the mean, the model will not reliably predict transverse cracking
performance and its use in Michigan is not recommended.,

LABORATORY STUDY OF ASPHALT PROPERTIES

The purpose of the laboratory testing portion of this project was to at-
tempt toestablish why the Hajek-Haas model was unreliable and to provide
direction for possible future investigation.

Of the five independent variables used in the model, only asphalt stiff-
ness could be correlated to transverse cracking to a significant degree.
Unfortunately, however, the estimated stiffness value used to evaluate the
model was the one variable whose accuracy is questionable. For this rea-
son the poor reliability of the model could be due to unreliable estimated
stiffness values rather than the model itself. It was felt necessary, there-
fore, to determine how well the estimated asphalt stiffness values used in
the statistical model compared with actual stiffness values of the cracked
pavement as determined by laboratory testing,

-12 -




For this purpose, a cracked test area was selected for which construe-
tion records indicated a constant asphalt stiffness (300 kg/sq ecm) for its
entire length but for which the cracking index for each 500-ft length varied
considerably ~- acondition clearly indicating that either the estimated as-
phalt stiffness did not reflect actual in-place stiffness or that actual stiff-
ness alone cannot be used to predict transverse cracking frequency.

Three 6-in, diameter cores of bituminous concrete were obtained from
areas representative of high, medium, and low cracking index. Location
and other information concerning the test samples are shown in Table 2. By
confining the testing to asingle area, all factors of the Hajek~Haas model,
with the exception of stiffness, should be constant, thus permitting a direct
comparison of stiffness and cracking index.

Testing Procedures

Part of the cored samples were used for extraction tests, which were
performed by the Department's Testing Laboratory, and part were sawed
into 1-1/4 by 1-1/4 by 4-in, blocks for stiffness testing (Fig. 4). This
Figure shows the sample with metal end cover plates affixed for testing.

Initially it was planned to use the constant-rate-of-strain method for
testing the stiffness of the samples, but several problems were encountered
in attempting to use this method. The major problem was that a constant
cross head speed did not yield a constant strain rate due, apparently, to
increasing strainin the linkage connecting the sample to the upper and lower
platens. At low femperatures particularly, linkage strain, which increases
as stress increases, is very large compared to sample strain and varied
from sample to sample so that calibration was impossible.

Another problem concerned the load frame which would not operate
when placed ina freezer at the desired testing temperature of 0+ 2 F, At
this low temperature, the drive motor became overloaded and burned out
aftera few hours use. Whena cooling chamber was placed around the sam-
ple only, serious frosting problems resulted, For these reasons it was
necessary to change to the creep test method.

Considerable work using the creep fest method to determine direct
stiffness modulus has been reported by Burgess, et al, and this work was
used as a general basis for our festing program (6). Figure 5 shows the
equipment used and the sample in place for testing, Unfortunately, an in-
sufficient number of cores were available to follow the test procedure des-
cribed in Ref. (7).

-13 -




I

Figure 4. Typical 1-1/4 by 1-1/4 by 4-in. samples as sawed from
6-in. diameter cores and mounted in end caps for testing.

Figure 5. Test set-up for determining stiffness modulus.
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The test procedure adopted was toapply an initial stress to the sample
such that the load could be sustained for at least a half hour. If the sam-
ple did not break during the first hour of loading the load was increased hy
approximately 100 1b and applied for another hour., This process was re-
peated until the sample finally broke.

The stiffness modulus was computed at one half hour, asgsuming that
Maxwell's model applied. Attempts were made to calculate modulus values
using the numerical solution for step loading suggested by Monismith (7)
but these were not successful because strains were frequently so small,
compared to thesensitivity of the LVDT instruments used, that instrument
drift indicated negative strains at some stress levels. All stiffness testing
was conducted at a temperature of 0 + 2 T,

Tests were also made to determine air voids content and voids in min~
eral aggregate of the asphalt mixture in order that the volume concentration
of aggregate (Cy) could be determined for typical Michigan bituminous mix-
es. A satisfactory design criteria for asphalt mixtures is considered to
have avoid content of about three percent and a Cy value of ahout 0,88, In
these tests, the air void content for the wearing and binder courses were
about 1.5 and 2.9 percent, respectively, The Cy value was approximately
0. 88 for both layers so the mixes could be considered to be of good design.

Discussion of Test Results

Results of tests performed on the extracted asphalt cement are sum-
marized in Table 3 and the creep test results in Table 4. Typical time vs,
strain relationships are shown in Figure 6,

For each cored sample tested, penetration-viscos ity data were used to
estimate asphalt stiffness of each of the three bituminous concrete layers.
These dataare summarized in Table 5, The average stiffness modulus for
the three layers and of the wearing course are related to the actual crack-
ing index values as shown in Figures 7 and 8, respectively. The average
temperature sensitivity (penetration index) of the three layers and of the
upper layer or wearing course, are related to cracking index as shown in
Figures 9 and 10, respectively. These figures clearly indicate that no
functional relationship exists between the variables, Although limited,
these data indicate that it is risky toassume that penetration viscosity data
obtained from field-aged bituminous samples could be converted to asphalt
cement stiffness which in turn could be used to estimate the transverse
cracking frequeney of a pavement,
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TABILE 4
SUMMARY OF CREEP TEST RESULTS

Cracking Stress - PSI | stiffness, PSI Strain Rate
Core Index Initial |Breaking| . 1/2 hr at Fatlure
I . T Loading Time -
i br 81 /9 hr* Constant [Increasmg
(" 6
1 20,0 44 135 3.2 % 10 x
1 20,0 45 94 - X
2 4,0 44 136 9.8 x 108 X
2 4,0 46 184 12.0 x 109 x
5 5.0 45 128 0.4 x 108 x
) 24.5 45 45 0,3 x 108 X
8 14,5 44 226 3.5 x 108 x
8 14,5 14 135 — x
10 0.5 45 92 — X
10 0.5 45 138 i x
s 10.0 45 182 — x
@ 15 10,0 45 137 — x
:‘3 x 10,6 44,8  136.0 4.9 x 108
5 o 8.1 0.6 47.2 4,9 x 108
E 6
oy 4 22,5 88 173 4,0 x 10 X
4 22.5 88 139 2,8 x 108 x
5 5.0 91 91 — x
6 24,5 92 172 0,4 x 108 x
6 24.5 &l 127 0.6 x 10° X
11 10.5 a0 269 - x
12 0 90 127 1.8x 108 x
12 0 89 132 2,4 x 108 x
13 0 90 178 —— x
13 0 89 162 0,7 x 108 x
X 11,0 88,8 156,53 1.8x 102
L o 11,3 3.0 48.4 1.3x10
(" 6
1 20,0 133 356 14.4 x 10 x
1 20,0 138 368 13,4 x 108
2 4.0 136 363 19.4 x 108
2 4.0 135 3260 8.9 x 109
6 24,5 136 274 11,2 x 108 x
8 24,5 133 269 —_—
8 14,5 134 — 10,7 x 108
8 14,5 134 — 19,0 x 108
10 0.5 135 — 7.8x 108
o 10 0.5 135 - 9.2 x 108
4 14 1.0 135 — 9,3 x 10°%
3| 1 1.0 135 —_— 7.8 % 100
Bp x 10.8 134.9 a3l,7 11,9 x 108
& a 9.9 1.4 46,8 4,2 x 106
[}
= 4 22,5 217 263 7,0 x 108 X
4 22,5 217 350 14.1 x 108 x
G 24.5 222 311 0.4 x 109 X
1 10.5 220 310 3,0 x 108 X
11 10.5 220 445 6.0 x 108 x
12 0 220 310 8,9 x 108 x
12 0 219 353 3,6 x 108 X
x 12,9 219,3 334,86 6.1x 106
o 10.5 1.8 57,2 4,5 x 108
\_

* Stiffness, Sl/2 hr, is not related fo stiffness at breaking stress.
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ESTIMATED ASPHALT STIFFNESS, Kg/em?2
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Figure 7. Average estimated asphalt cement stiffness of field-aged
cores vs. actual cracking index.

2000 o

1800 |~
-]
®

1600 |~ °

1400 |-

1200 —

1000 |-

800 |- ®

600

400

g o
200%-

0 i 1 H l i i I i I I i
0 2 4 6 8 10 2 14 6 18 20 22 24 26

ACTUAL CRACKING INDEX

Figure 8. Estimated asphalt cement stiffness of the wearing course:
portion of field-aged cores vs. actual cracking index.
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PENNETRATION INDEX
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Figure 9. Average penetration index of entire field-aged cores -
vs. actual cracking index. '
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Figure 10, Penetration index of the wearing course portion of
field~aged cores vs. actual cracking index.
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For observation 30, Table 5 indicates that the asphalt cement stiffness
increased with age as was expected but it was surprising to see that the
asphalt sensitivity, as indicated by the penetration index, decreased with
age. In looking for relationships between asphalt cement stiffness and
cracking index, Table 5 shows that the coefficient of variationof the crack-
ing index is much larger than it is for asphalt cement stiffness. This is
another indication that other factors inaddition to asphalt cement stiffness
strongly influence cracking index.

Figure 11 compares the half-hour mix stiffness and tensile strength
with the measured cracking index. These data show that there is no usable
correlation indicating that the cracking index could not be predicted on the
basis of the data obtained from the creep test procedure used. The data
do show that the tensile strength of the wearing course layer of the asphalt
is, onthe average, more than twice that of the binder course (Table 4)e
The difference is thought to be due to the mix design characteristics of the
different asphalt layers, the wearing course having a higher asphalt con-
tent and a finer aggregate gradation than does the binder course. A bitu-
minous concrete pavement layer, therefore, has greater tensile strength
at the top of the layer. This variation in tensile strength throughout the
depth of asphalt complicates predicting transverse cracking performance,

Any testused for predicting pavement cracking potential should include
an accurate estimate of the tensile strength of the mix in addition to an es-
timate of mix stiffness since well designed mixes may not necessarily have
the same tensile strength,

Heukelom (8) has shown the relationship between tensile strength and
stiffness modulus of asphalt cement and indicates that the same relation-
ship holds for bituminous mixes. The only differenee between various as-
phalt cements and asphalt mixes is the magnitude of the tensile strength at
any given asphalt cement stiffness at whicha wide range of tensile strengths
are possible depending upon the mix design. Those factors affecting the
tensile strength of 2 mix are gradation of aggregate used, density, tensile
strength of the aggregate, asphalt cement content, temperature, and pos-
sibly other factors. Figure 12 illustrates the importance of the strength of
the aggregate itself in the tensile strength of bituminous mixes at low tem-
beratures where the asphalt is stiff, For the sample shown, a large part
of the fracture is through the aggregate particles.

Twodistinctly different strain failure patterns were indicated from the
creep tests, Some of the samples broke suddenly, with no change in strain
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rate, while for others the strain rate increased rapidly before failure (Fig.
6). This indicates that, although the asphalt was from the same supplier
and of the same penetrationgrade, differences inrheologic properties exist
that may affect susceptibility to transverse cracking and which are not pos-
gible to explain in terms of stiffness modulus.

The difference in strainpatterns could be due to non-homogeneity, dif-
ferences in strength betweenaggregate and binder, uneven stress distribu-
tion or stress concentrations, or the glass transition temperature of the
samples could have varied about the test temperature. In any event the
significance of this difference is that regardless of the strain pattern be-
fore failure, the only stress-strain relationship of significance to trans-
verse cracking is at break. Therefore, stiffness modulus can be oalculated:
as total stress over total strainat break as a functionof time and tempera-
ture as suggested by Hajek and Haas in their discussion of Ref. (6). Since
total strainat breakis moredifficult to accurately determine for materials
whose strain rate increases before failure, total strain at failure should be
defined as the point of deviation from linear viscous creep as suggested in
Ref. (7).

It has beenrationalized that thermal cracking develops when thermally
induced stress Oy, is equal to or just exceeds breaking strength, Cy,..
To determine thermally induced stress the following equation for elastic
materials is used:

Oy =XE(t - to) (6)
X = coefficient of expansion

E = modulus

t = final temperature

to = initial temperature

For thermal cracking, the modulus may be determined by the creep test in
which stress is a constant and the strainis that which occurs at the time of
break. Then the modulus determined from creep test results can validly
be substituted in Eq. (6), only whencx(t - tg) is equal to the breaking strain
in which case Oth =0pr. The useof Eg. (6) at strains other than breaking
strain should not result in valid calculations of O-th if the modulus used is
determined from creep tests. Rather than working with stress and modu~
lus values it would appear simpler .to work only with strains. The strain
produced by a given drop in temperature over a given time interval can be
calculated on the basis of the coefficient of expansion-contraction (9 i.e.,
thermally induced strain -o(t - ty). If this strain is equal to or exceeds
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the strain at break, as determined by the creep test method for the same
time interval (¢ - {3}, then the pavement should crack. I is suggested then
that the determination of the temperature below which eracking should oc-
cur be based onstrain values instead of stress which is the more usual ap-
proach.

As far as is known, ihvestigators have nhot been able to develop a re-
lationship between stiffness modulus of field aged bituminous mixtures and
transverse cracking. Some reasons for this are as follows:

1) There is nodirect correlation betweenstiffness modulus and trans-
verse cracking.

2) Thestiffness modulus values reported are inaccurate. At low tem-
peratures bituminous mixture breaking strains are so small that they can
accurately bedetermined only with extremely sensitive LVDT instruments,
Based onresults of our testing it is recommended that strains be measured
directly with instruments accurate and readable to 10-6 in,

3) The temperature at which the samples are tested and the selection
of the breaking point time for determining stiffness modulus are arbltrary
and may not reflect field conditions at which transverse cracking takes
place.

4) Bituminous concrete pavements are usually constructed in multi-
layers, the rheologic properties of which vary for each layer. The use of
a single stiffness modulus to describe the multilayer system is subject to
considerable inaccuracy.

Even though investigators have not been able to establish a direct re-
lationship between the stiffness modulus of an asphalt mix, as determined
by direct test and transverse cracking frequency, many investigators feel
that the stiffness properties of an asphalt do control its susceptibility to
thermal cracking. This feeling is probably due to the fact that replacement
of stiff penetration grades of asphalt by those of softer grade will essen- .
tially eliminate transverse cracking. Forthe Michigan pavements evaluated
in this study, the relationshipbetween cracking index and estimated asphalt
cement stiffness indicates that transverse cracking could have been prac-
tically eliminated had the maximum stiffness limit suggested by McLeod (5)
beenused toselect asphalt penetrationgrades (Fig. 13). It was noted also,
however, that many pavements constructed using asphalt of a stiffness
greater than McLeod's suggested limit are not subject to cracking either.
It appears, therefore, that transverse cracking is not a functionof stiffness
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modulus alone. The use of increasingly soft asphalt apparently diminishes
the influence of other asphalt properties to a point where these properties
have little or no influence. That stiffer asphalts can also perform well, is
clearly indicated by Figure 13 and an examination of the area listed as ob-
servation 34 (Table 1) which was constructed using 60 to 70 penetration
grade asphalt and is essentially crack-free after 12 years of service. When
applied to Michigan's specification asphalt cements, MecLecod's criteria
showed that only penetration grades of 200 or above could be expected to be
‘essentially erack-free, but for grades below 200, eracking may be expected
(Fig. 14).

Transverse cracking is only one form of flexible pavement cracking,
all forms of which are dependent on rheologic and fracture properties of
the bituminous mixes a8 placed andas affected by field use and aging. For
this reasona long-term rational approach to the entire interrelated asphalt
cracking problem might be an eventual best solution to the problems, A
factor complicating rational study of flexible pavement cracking character-
istics is their simultaneous exposureto thermal and traffic induced stress-
e8, the combination of which could significantly affect transverse cracking
potential, Although rational studies should be most fruitful, empirical or
statistical approaches to specific problems could be useful for expediency

. where applicable. '

Some investigators have guestioned the value of considering cracking
frequency at all because pavements can be designed to be crack-free (6).
In studying crackingon this project it became apparent that a mean crack-
ing index for a given area can be misleading. Table 1 shows that the mean
cracking index is often smaller than its standard deviation, Where crack-
ing index values are to beused it is suggested that their standard deviation

be also reported so that some idea of their uniformity can be realized.

SUMMARY AND CONCLUSIONS

In this study the Hajek-Haas model, designed to predict transverse
cracking susceptibility of flexible pavements, was statistically evaluated
by testing its ability to predict the mean cracking index of selected Michi-
gan pavements, A supplemental study was conducted when it was found that
the model was not suitable, in an effort to determine why the model failed
and to provide direction for possible future work in this area. These stud-
ies have produced the following observations and conclusions,

1) For Michigan's flexible pavements, the Hajek-Haas model lacks the
ability to predict, within reason, transverse cracking performance.
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2) Modification of the model, based on data collected in Michigan,
failed to improve predictive ability sufficiently to warrant its use.

3) Of the model's five independent variables, only stiffness modulus
was significantly related to the cracking frequency of Michigan flexible
pavements.

4) Rational studies of transverse cracking indicate that it is the bitu-

minous eoncrete stiffness modulus, tensile strength, and coefficient of ex~ -

pansion properties acting in combination with climatic conditions, that
governs an asphalt's susceptibility to transverse or thermal cracking,

5) The HaJ ek-Haas model demonstrated poor predictive ability because
it included only one of several bituminous concrete properties Whlch affect
transverse crackmg.

6) No direct correlationcould befound between cracking index and the
following stiffness modulus characterigtics:

a. The modulus of field aged bituminous concrete determined by
creep test; .

b. The estimated modulus of field aged asphalt cement determined
using MeLeod's method of estimating modulus from penetration vis-
cosity data;

¢. The estimated modulus of field-aged bituminous concrete de-

termined using Heukelom and Klomps chart for converting estimated’

cement stiffness to mix stiffness on the basis of the volume concen-
tration of the aggregate, Cy.

7} The stiffness modulus of asphalt cement can be lowered to such an
extent that other properties of the bituminous mix which also influence
transverse cracking are diminished to a non-effective level.

8) The ability of very soft asphalts to override other mix properties
apparently enable criteria to be established that will permit designers to
essentially eliminate transverse eracking based on the estimated stiffness
of the asphalt cement.

9) Based on the transverse cracking performance of Michigan's flexi-

ble pavements, McLeod's method of selecting penetration grades of asphalt

that will produce essentially crack-free pavements is conditionally recom-
mended depending on the cost and availability of soft asphalt grades and the
ability to develop mix designs of suitable high temperature stability.
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10) The data collected for this study indicate that stiff grades of as-
phalt, 60 to 70 penetrationgrade, can alsoperform inacrack-free manner.
Because of this and the fact that harder asphalt cements are desirable from
a stability standpoint, there is a need to develop a method of more accu-
rately assessing the susceptibility of bituminous mixes to transverse or
thermal eracking.

1

11) Michiganflexible pavements consist of three separately constructed
layers of bituminous concrete. For convenience the total bituminous con-
crete layer is usually considered homogeneous and isotropic for most de~
gign purposes. However, this study indicates this assumption to be incor-
rect since the rheologic and fracture properties of each layer differ signi-
ficantly, This inereases the difficulty with which the properties of the bitu-
minous layer can be characterized and, of course, increases the difficulty
of predieting all types of surface cracking.

~12) The tensile strength of bituminous mixes, at low temperature, is
dependent on the tensile strength of the aggregate as indicated by the large
percentage of tensile failure through the aggregate itself.

In Michigan, surface eracking is of primary concern because it is the
predominant form of flexible pavement failure., High temperature design
procedures are well developed and effective, but designprocedures to con-
trol eracking are almost non-existent, The need exists for development of
methods of designing flexible pavements that are essentially crack-free.
In this respect, all forms of flexible pavement cracking are interrelated
and, therefore, transverse cracking should be treated as a special form of
the overall eracking problem.,

Thermal and load induced tensile stresses act in combination so that
improving a pavement's resistance to thermal eracking should also improve
its resistance to cracking caused by load-induced stresses. In addition,
load-induced tensile stress may act in combination with thermal stress to
cause transverse and other forms of eracking,

On the basis of this study the rational approach to the thermal crack-
ing problem suggested by Burgess, et al, appears to be the most promis~
ing at the present time (6). In this respect it is more conventional to deal
with such a problem on the basis of stress. However, this study indicates
that it may be easier and more realistic to usestrains to estimate the tem-
perature at which thermal cracking may develop.

A committee within the Department has been appointed to review the
regults of this project and recommend possible methods for implementing
any findings which may have application to asphalt surfacing problems.

-3 -
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